The accuracy of the Scala Alternans Altera oscillotonometer was investigated by comparison with direct mtra-artenal pressures It was found that the traditional criteria for detecting systolic and diastolic pressures were in error A slow deflation rate was essential for the accurate measurement of systolic pressure, the maximum amplitude of needle oscillation correlated closely with mean pressure, and the determination of diastolic pressure was so inaccurate as to be clinically useless The response of the oscillotonometer was also found to be dependent upon the individual combination of oscillotonometer and patient
forearm and the maincuff on the upper arm (Miinzer, 1907; Pachon, 1909; Vaquez, 1909 : all quoted in Gallavardin, 1920) . At or about the same time double cuff systems were being described (Bergonie, 1907/08; Finck, 1912 : both quoted in Gallavardin , 1920 and the overlapping of the upper and lower cuffs was suggested by Gallavardin in 1922 . However, we have been unable to trace any original articles describing the double aneroid mechanism with a controlled leak between the two chambers as incorporated in the modern oscillotonometers.
There is still controversy as to exactly how the oscillotonometer should be used, and considerable disagreement exists over the criteria for detecting systolic and diastolic pressures. The commonest criteria in clinical use are probably those used by Corall and Strunin (1975) . The systolic pressure is detected by inflating the double cuff to greater than systohc pressure, opening the needle valve on the instrument case, pulling the lever over until the cuff pressure decreases sufficiently to cause a "definite increase" in "needle oscillations" and then releasing the lever to read the upper cuff pressure. The diastolic pressure is similarly detected when the "needle oscillations" show "a sudden and definite decrease".
However, this definition is open to individual interpretation and does not consider the speed of deflation of the cuffs. The latter is important because the faster the rate of deflation, the greater is the decrease in cuff pressure between heart beats, and the more apparent is the change in oscillatory amplitude of the needle. Initially, these criteria were used in a few preliminary experiments, but it became apparent that the effects of observer bias in © The MacmUlan Press Ltd 1982 interpreting what was a "definite increase" or "sudden and definite decrease" in needle oscillation were considerable. When combined with changes in the speed of deflation of the cuff it was, for instance, quite easy to record systolic pressures on the oscillotonometer which varied from just below the true intra-arterial systolic pressure to just above the true intra-arterial mean pressure. Consequently this project was designed with two objectives. First, to provide an assessment of the overall accuracy that can be achieved by the instrument in clinical practice and, second, to define more exact criteria with precise end-points and to examine the factors in both the patient and oscillotonometer which affect its performance. For convenience the paper is divided into those two sections.
ACCURACY OF THE OSCILLOTONOMETER IN
CLINICAL PRACTICE There were two objectives to this study: first, to determine the mean calibration of the oscillotonometer by comparison with direct intra-arterial pressures and, second, to produce confidence limits for the oscillotonometer taking the intra-arterial pressure readings as the standard.
Measurements were made in 11 patients undergoing major arterial or middle ear surgery providing a range of systolic pressures from 50 to 210mmHg and of diastolic pressures from 30 to 110 mm Hg.
Details of the oscillotonometer
The oscillotonometer used in the experiments was an Altera model manufactured by SK of Germany. It was chosen because of its accuracy when compared statically against a mercury manometer and the low degree of frictional resistance in its mechanism. Static pressures given by this oscillotonometer fitted the regression: >=(1.03x-2.15)mm Hg with r= 0.9998 where y = oscillotonometer scale reading and x = manometer reading. The 95% confidence limits for the observations about the regression were ± 4.0 mm Hg throughout the range 0-300 mm Hg.
Oscillotonometers have a needle valve integral with a knurled knob with which to alter the rate of deflation of the cuffs when the lever on the valve case is pulled against its spring. For these experiments the oscillotonometer was modified so that instead of the variable needle valve one of three fixed aperture nozzles could be chosen. The aperture sizes were selected from preliminary results to produce a good range of readings, and also to span the range of deflation rates encountered in clinical use. The deflation rates using these nozzles were compared by inflating the cuffs to 250 mm Hg, deflating through the nozzle by pulling over the lever in the normal way and timing by stop watch the period of decrease from 200 mm Hg to 100 mm Hg as measured on the oscillotonometer scale. This was done with several cylinders of different circumferences acting as dummy arms and the nozzle characteristics are shown in figure 1. There were three mean deflation times of 5.0s (fast), 17.5s (medium) and 52.0s (slow). The arm circumferences of the 11 patients ranged from 25 to 34 cm. There was a weak variation in deflation time with arm circumference as a result of the non-linear relationship between internal pressure and radius in an annular bag and the fact that the deflation time produced by free exhaust from a fixed aperture nozzle is dependent upon the pressure difference across it. It should be emphasized that there was no attempt to achieve steady deflation rates, but these accurately reproducible ones corresponded exactly with the oscillotonometer needle valve being in a given angular position.
To obviate errors from differences in arterial pressure between one arm and the other in each patient, the oscillotonometer cuff was always placed on the same arm as the arterial cannula. During surgery the cuff was surrounded by rigid arm protectors to prevent accidental displacement or compression by the theatre staff and surgeons.
The arterial pressure monitoring system
Direct arterial pressures were recorded from a Hewlett-Packard 78205 pressure module with a Gould-Statham P23Ia transducer. The system had an amplitude-frequency response flat (± 5%) to 25 Hz when connected to the patient by Vygon manometer tubing (120 cm) and an 18-gauge Teflon Abbocath. Cannulae were placed in the radial (two patients) and brachial (nine patients) arteries. The arterial pressure measured by the transducer was displayed continuously on an oscilloscope, and a digital readout gave the beat-to-beat values of systolic, diastolic and mean arterial pressures. Before and after each set of recordings on a patient the static calibration of the pressure transducer was tested to 250mmHg against the oscillotonometer and they were always m agreement to within ± 3 mm Hg.
The method of comparison of oscillotonometer and arterial line pressures
To take a reading the cuff was inflated to greater than systolic pressure, causing the arterial line pressure signal trace to disappear from the oscilloscope screen. With the appropriate nozzle fitted the valve lever was pulled over to allow the upper cuff to deflate. When the required perturbation of the oscillotonometer needle was seen the lever was released to read the upper cuff pressure. The cuff was then allowed to deflate rapidly to atmospheric pressure by decoupling it from the oscillotonometer and after the arterial trace on the oscilloscope had been stable for a few beats the particular pressure required was read from the digital display. The objective of this technique was to decrease the time lag between the two readings and minimize the errors caused by true swings in arterial pressure occurring in that interval. Three comparisons were made of oscillotonometer and arterial pressure recordings at each of the three deflation rates:
(1) The upper cuff pressure during deflation (as measured on the oscillotonometer by release of the lever) at which the first definite "change in character" of the oscillotonometer needle swing occurred was correlated with the systolic intra-arterial pressure. The justification for doing this is discussed in the second part of the study.
(2) The upper cuff pressure (as measured on the oscillotonometer by release of the lever) at which the maximum amplitude of needle swing occurred was correlated with the mean intra-arterial pressure.
(3) The upper cuff pressure (as measured on the oscillotonometer by release of the lever) at which the amplitude of needle swing decreased markedly was correlated with diastolic intra-arterial pressure.
The first two comparisons define new criteria for the oscillotonometer with well-recognized endpoints, whereas the third comparison follows that of Corall and Strunin (1975) . The regression lines of these comparisons were calculated using the standard least squares technique with arterial pressure as the independent variable. The confidence limits representing the range of individual oscillotonometer readings one would expect to find at a given value of arterial pressure (xj on 95% of occasions were calculated by application of the expression (Ryan, Joiner and Ryan, 1976):
95% confidence limits at x$ where y^ = predicted value of y at %o from least squares regression; S 2 = [L(y -.ypud) 2 ]/^ -2); 7 = observed _y at x; x = l/n(lx). This was done using a Minitab II subroutine (Ryan, Joiner and Ryan, 1976) on a Honeywell Model 68 DPS computer with a Multics operating system at the University of Bristol Computing Centre.
Results
The results of nine comparisons of oscillotonometer against intra-arterial pressure are shown in figures 2-7. There was no significant difference between the slow and medium deflation rates in the detection of mean pressure and among slow, medium and fast deflation rates in the detection of diastolic pressures. Consequently these sets of results were pooled and analysed together.
Shown on each of figures 2-7 is the least squares regression line and the 95% confidence limits for a single prediction 'of true arterial pressure by the oscillotonometer. Above each of the graphs is a statistical error plot of residual error (y -y^) against .y^, which justifies the type of statistical analysis used (Petrie, 1978) . This is considered later in the discussion.
FACTORS AFFECTING THE PERFORMANCE OF THE
OSCILLOTONOMETER The details of the pressure connections of the oscillotonometer are well known and are reproduced in figure 8, for convenience of reference.
The activating pressure signals
The nature of the pressure wave signals in the upper and lower cuffs which activated the oscillo- 8 ) and a Statham PM5 differential pressure transducer across positions Pi and P 2 . The two P23Ia Gould-Statham transducers had their outputs a.ccoupled to a Mingograph chart recorder so that when the oscillotonometer was working in mode II ( fig. 8 ) the steady decrease in cuff pressure did not produce signal drift. They did, however, accurately reproduce the shape and phase differences of pressure pulses received by the cuffs as a result of interaction with the arterial pressure pulse. The output of the PM5 transducer was recorded also. The oscillotonometer cuffs were inflated in the normal manner to greater than systolic pressure, the valve lever pulled over and the events recorded from the transducers. The results could be divided into three phases, and are shown in figure 9 .
Phase 1. At greater than systolic pressures the pulse wave in the proximal arterial bed impulses against the upper cuff, producing a pulsation in the upper cuff system which is superimposed upon its steady downwards deflating pressure. This in turn transmits a reduced, in-phase signal to the lower cuff as shown at beat A of figure 9. The result is that the oscillotonometer needle decends smoothly, but with its angular velocity varying as each pulse wave is received. The magnitude of this variation appears to be dependent largely on the pulse pressure and can lead to difficulties in interpretation of the systolic point when it is identified by the criteria used by Corall and Strunin (1975) . Phase 2. As the pressure in the upper cuff continues to decrease there is, at one point, a sudden change in the smooth deflation pattern of the oscillotonometer needle. This "change in character" of the needle movement can be a sudden stop, or a fast, small-amplitude forwards or backwards movement. When this occurred there was a facility to superimpose a 50 Hz marker on all traces for 0.5 s and this is shown at C in figure 9. Between A and C there is an abrupt change in phase between the upper and lower cuff signals and a shoulder appears on the differential pressure trace. The change is complete in two beats at B ( fig. 9 ). This is thought to correspond to the upper cuff being just less than systolic pressure and allowing a pulse of blood beneath it to trigger the lower cuff separately. Hence, in the comparison between the oscillotonometer and intra-arterial systolic pressure values the "change in character" of the needle movement was taken as the index of the systolic point.
Phase 3. After the systolic pressure has been passed, as the upper cuff pressure is decreased further, the magnitude of both cuff signals gradually increases as, with each beat, a greater volume of blood is allowed to pass beneath the upper cuff. With this, the amplitude of the needle "swing" increases and this is reflected in the progressive distortion of the differential pressure trace. It should be noted that the phase lag between the upper and lower cuff pressures, once established as the systolic pressure is passed, never undergoes any further change. These features are shown at D ( fig.  9 ), which is three beats on from C on the Mingograph trace, the intervening signals being omitted for clarity.
As the upper cuff pressure continues to decrease, the amplitude of the needle swing steadily increases to a maximum (taken as corresponding to mean pressure), and then declines. There are then no further definitive "end-points" as the magnitude of both the upper and lower cuff and differential signals decrease progressively as the cuff exerts less pressure on the arm. Therefore the estimation of diastolic pressure is very uncertain.
The interaction between the patient and oscillo-
tonometer Initial experiments with several oscillotonometers indicated that the magnitude both of the "change in character" of the motion of the needle which indicated systolic pressure and of the maximum amplitude of swing varied considerably depending on the combination of oscillotonometer and patient. Therefore, it was decided to investigate whether or not there could be variations both in the exciting signals produced by a patient's pressure pulse and in the response of the oscillotonometer to those signals. This was done in three sets of measurements.
Measurement of inherent damping capacity. The oscillotonometer was set up as in figure 8, with the valve lever pulled over (Mode II, but with the outlet to atmosphere occluded), pressurized to 200 mm Hg and the cuff struck a rapid blow to give a rise-time similar to that of the arterial pulse wave. The response from the Statham PM5 differential transducer applied across P, and P 2 is shown in figure 10 . This demonstrates that, although the magnitude of the pressure wave decreases rapidly, the oscillotonometer is far from critically damped, the pressure trace undergoing approximately 8 cycles in 0.5 s before approaching the base line. Despite this, however, exciting impulses from the cuffs would have to appear at more than 120 permin before any beat-to-beat effects became important, and even then the amplitude of the remaining vibrations from the previous beat would be small compared with that of the new exciting signal.
Measurement of the frequency response. The oscillotonometer was first detached from the cuffs, the outlet to the upper cuff sealed, (tubing to P 3 occluded, fig. 8 ), and the needle valve screwed down. After pressurization of the main chamber a variable frequency constant volume pulsation was applied to the lower cuff inlet (at P 4 , fig. 8 ) and the lever pulled over. This exciting signal was provided from a diaphragm loudspeaker powered by a Ling Dynamic Systems oscillator and power amplifier (TPO25) and vibrator (Type 110, 100 series), the displacement of the central loudspeaker drive being displayed on an oscilloscope to ensure a constant amplitude over the frequency range investigated.
Eleven oscillotonometers used in two Bristol hospitals were tested in this way at mean chamber pressures of 120 and 250 mm Hg. As the frequency was gradually increased, visual measurements of needle amplitude were made with callipers. A typical response curve (that of the oscillotonometer used in the first part of this paper) is shown in figure 11 .
Two of the 11 oscillotonometers tested exhibited two resonance peaks and, under given conditions, this is to be expected from a system with two aneroids of differing compliance. In both these oscillotonometers the occurrence of a double peak was dependent on the mean pressure of the main chamber and in neither was it present above 130 mm Hg. The other nine oscillo tonometers exhibited only a single resonance peak. The fundamen-
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FIG. 10 Response of the oscillotonometer (Pi -P 2 ) to a single pressure impulse. tal frequency in the 11 machines tested had a mean of 19.1 Hz (SD 7.8 Hz) and an overall range of 8.3-37.0 Hz.
Measurement of the characteristics of the exciting signals. The oscillotonometer and cuff used in the first study described in this paper were used on 29 volunteers with a mean age of 38.7yr (SD 19.2, range 21-88yr) with arms of mean circumference 26.4cm (SD 2.8, ). The Gould-Statham P23Ia transducers were attached to tappings at P, and P 2 ( fig. 8 ) and their output fed into the Mingograph chart recorder. The cuff was then inflated to more than systolic pressure, allowed to deflate in the normal manner and a pressure wave tracing similar to figure 9 produced for each volunteer. For these measurements both the paper speed and trace height were increased. In each case the time-lag between the peaks of the two signals was measured graphically. The mean time-lag was found to be 40.2 ms (SD 15.8, . This time-lag will be strongly dependent on the individual patient's pulse wave velocity in the brachial artery. Because the first signal from the upper cuff is applied externally to the most compliant aneroid and the second signal from the lower cuff is applied internally to it, the range of exciting signals corresponds to effective exciting frequencies of 19.5 -4.5 Hz respectively.
DISCUSSION
The statistical analysis applied to figures 2-7 requires the data to be adequately represented by a linear regression equation upon which lie the true mean values of the distribution of y for every value of x. This can be seen to be so by the symmetry of scatter about the regression lines plotted in figures 2-7. In addition it is necessary for each value of xto have a normal distribution of values of y from which the observed sample values of 3>are drawn at random and for the variance of this normal distribution to be constant for all values of x.
A corollary of the above assumptions is that the values of the residual error (y -y^) for different points are independently and normally distributed with zero mean and constant variance when plotted against the predicted value of .yCy^). Consequently Petrie (1978) recommended that these assumptions are most easily validated by a graphical study of the residuals and it is this plot of residual error against predicted y which appears above each of the regression lines in figures 2-7.
The most significant deviation from the above theoretical model is probably the slight decrease in variance at low arterial pressures (< 70 mm Hg) in the systolic pressure plots of figures 2, 3 and 4. However this reduction is so small that no mathematical transform was found that could im-prove the overall distribution of the data for statistical processing. Thus, it can be concluded that the statistical theory applied will represent a robust test of the 95% confidence limits, but that the limits shown will tend to be pessimistic at low systolic pressures.
Normally the confidence limits predicted by this theory are shown as biconcave lines, but because the number of points on each of the graphs in figures 2-7 is large and the data are well distributed, the curvature is so slight that the lines appear straight. Perhaps it should also be noted that this method of comparison predicts the confidence limits for an individual oscillotonometer reading as it is taken in clinical practice rather than the 95% confidence limits of the mean of several oscillotonometer readings at a fixed arterial pressure. The 95% limits for the mean would necessarily be closer to the regression line, a reflection of the fact that individual readings are less predictable than averages.
The systolic pressure detection plots (figs 2,3,4) show a progressive separation from the line of identity and a widening of the 95% confidence limits as the rate of deflation increases. In practice, detecting the systolic point often requires two beats, the first to notice the change in character of the beat, the second to confirm this change. At the fast deflation rate the pressure in the upper cuff is, on average, decreasing at 20mmHgs~1 over the measured range. At a pulse rate of say 60 beatmin" 1 two extremes can occur. First, if a beat coincidentally appears just as the upper cuff pressure decreases below systolic pressure, it is recognized immediately and the lever released, then the cuff pressure reading will be close to the equality line. However, if one beat is just missed, the cuff pressure may be 20 mm Hg less than true arterial pressure before the systolic pressure is recognized and then if a further beat is required for confirmation the cuff pressure may be 40 mm Hg less than true systolic pressure before the lever is released and the cuff pressure measured. In this way the regression line for systolic pressures decreases further below the line of identity and the scatter about it is increased when a fast deflation rate is compared with a slower one.
A summary of the regression equations and sample data is given in table I.
In figures 2, 3 and 4 some points appear above the line of identity and this can be explained by either inherent errors or a true decrease in arterial pressure It should be noted in figures 2, 3 and 4 that the lines of identity and regression lines gradually diverge as the arterial pressure increases, and this is to be expected because of the non-linear behaviour of a fixed nozzle. When the pressure difference across the nozzle is greatest it will deflate the fastest. Hence for a given nozzle or needle valve setting the deflation rate decreases and the accuracy increases as the systolic pressure it is measuring decreases.
The mean pressure plots (figs 5, 6) show a good correlation with the true arterial pressure, the medium and slow deflation rates being plotted together because of the lack of a significant difference between them. At a given pulse rate the decrease in the number of sampling beats per unit pressure change when the medium rather than the slow nozzle is used is probably compensated for by the ease of identifying the maximum amplitude of swing more easily. This is because the growth and decay of the signal gives a more easily discernible peak at the medium deflation rate. This advantage is lost at the fast deflation rate. No theoretical reason could be found for the correlation of maximum amplitude of swing with mean arterial pressure.
Detecting the diastolic pressure has no real endpoint in terms of changes in pressure waves except that they decrease in amplitude as the compression on the arm is eased. This cuff pressure depends on several variables, including the initial tightness of the cuff and its exact position on the arm, and these uncertainties are reflected in the extremely wide confidence limits of ± 3 8.1 mm Hg.
Because the deflation rate was so crucial to the performance of the oscillotonometer, the deflation rates obtained by the use of the needle valve were investigated by allowing the cuffs to deflate around a standard arm (circumference 27 cm) after inflation to 2 50 mm Hg and timing the deflation period from 200 to 100 mm Hg. The results are shown in figure  12 and demonstrate that the maximum deflation rate was reached after only 30° angle of turn. It is thus clear that the confidence limits and regressions of the slow deflation speed (52 s) can be converted to those of the fast (5 s) by a turn of approximately only 26° on the needle valve.
Another factor which may affect the accuracy of the cuff pressures is the differential pressure between the two cuffs as the pressures are decreasing. This was measured by tapping at P 3 and P 4 ( fig. 8 ) with the Gould-Statham pressure transduces and across P 3 and P., (fig. 8 ) with the Statham PM5 differential transducer. During deflation the upper cuff pressure was always less than the lower cuff pressure because of the choke present between the two systems. At the fast deflation rate the maximum differential pressure between the cuffs was 15.3 mm Hg and at the slow deflation rate 4.5 mm Hg. On release of the lever to take the upper cuff pressure, the upper cuff pressure increased by two-thirds of the differential pressure and the lower cuff pressure decreased by one-third. This change reflects the proportionate volumes of the cuff and oscillotonometer chambers combined. It should be noted that this change in upper cuff pressure on release of the lever would tend to push the regression line closer rather than further away from the line of identity.
The range of pulse rates in all the studies (given in figs 2-7) is so similar that it will not have affected any of the comparisons of the three deflation rates. In general, however, for a given deflation rate, pressure determinations will be more accurate the faster the pulse rate, simply because there are more signals available to be detected in a given time. This applies for all determinations whether systolic, mean or diastolic.
The regressions and confidence limits of each individual patient were compared with those shown in figures 2-7 and no significant differences were found. Hence the oscillotonometer will not "follow" a given patient's arterial pressure with tighter limits than those shown in figures 2-7.
There is a considerable overlap between the range of resonant frequencies of the oscillotonometers (8.3-37.0Hz) and the range of effective exciting frequencies (4.5-19.5 Hz), the latter being strongly dependent on the pulse wave velocity of the individual patient. This may well explain why some oscillotonometers seem, in practice, to respond better to some patients than others. Although this interaction has an effect on the form and magnitude of the response of the oscillotonometer, it does not affect the cuff pressure at which the systolic and mean pressure end-points are determined.
CONCLUSIONS
(1) For detection of systolic pressure the first "change in character" of the deflation pattern of the oscillotonometer needle should be taken as the endpoint. This is most accurately detected at a slow deflation rate or by deflating the cuffs intermittently at intervals of a few mm Hg.
(2) Mean pressure corresponds well to the maximum amplitude of the oscillotonometer swing and its accuracy is maintained at the medium deflation rate. No theoretical basis can be found for this correlation at present.
(3) The oscillotonometer is useless for the clinical determination of diastolic pressure. (4) It is probable that the ease with which the systolic and mean pressure end-points are detected is dependent upon the individual combination of oscillotonometer and patient. Sykes, M. K.,Vickers, M D , and Hull, C J. (1981) . Se investigo la precision del oscilotonometro "Scala Alternans Altera" en comparacion con las presiones uitraartenales directas. Se avenguo que el criterio tradicional para la deteccion de las presiones sistolicas y diastolicas era erroneo Fue esencial un regimen lento de desinflacidn para poder medir con precision la presion sistolica, la ampitud maxima de la oscilacion de la aguja presento una estrecha correlacion con la precion media y la determination de la presion diastolica fue tan uiexacta que clinicamente fue inservible Se averiguo que la respuesta del oscilotonometro fue dependiente de la combinacion entre el oscilotonometro y el paciente. Downloaded from https://academic.oup.com/bja/article-abstract/54/6/581/239648 by guest on 25 December 2018
